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Abstract
In the context of Carbon Capture and Storage (CCS), injection of CO2 induces the geomechanical change of reservoir 
and this is an important issue for the mechanical integrity and storage security of CO2 sequestration. The injection of 
CO2 makes the fluid pressure increase, and because of this increased fluid pressure, ground heaving occurs. Also the 
increased fluid pressure is expected to be a source of shear slip of fractures in the caprock, and that makes
permeability increase which leads leakage of CO2 and microseismicity. In this study, we conduct coupled multiphase 
fluid flow and geomechanical modeling to investigate geomechanical changes. After that, we evaluate the probability 
of shear slip considering the statistical fracture distribution and a Coulomb failure analysis. For this analysis, fracture
reactivation in terms of shear slip was analyzed by implicitly considering the fracture orientations generated, in one
case using published fracture statistics from a CO2 storage site. Our analysis showed that a reverse faulting stress 
field would be most favorable for avoiding fracture shear reactivation, but site-specific analyses will be required 
because of strong dependency of the local stress field and fracture orientations.
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1. Introduction
Sequestering carbon dioxide in deep geological formations, such as in depleted oil reservoirs or deep
saline aquifers, is a promising option for reducing carbon dioxide emissions [1]. However, apart from the
issue of public acceptance, a number of technical hurdles still need to be resolved before deploying the
deep geologic storage of CO2 at a scale that could make a significant contribution in reducing CO2
emissions to the atmosphere. Injection-induced mechanical stress and deformation at depth can result in
ground heave, a phenomenon that might be detectable by geodetic monitoring. For example, at the In 
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Salah CO2 storage project in Algeria, the first few years of injection resulted in an observed ground heave 
of approximately 5 mm/year, affecting an area extending several kilometers from each injection well [2]. 
In addition, the increased reservoir pressure could potentially result in the reactivation of fractures that 
might exist within and around the injection zone. The reactivation of existing fractures in a capping 
formation above the injection zone could result in dilatant fracture opening and enhanced permeability 
[3], which could, in turn, lead to an enhanced upward CO2-fluid migration. Shear reactivation along 
fractures or minor faults might also result in microseismic events or even events that might be felt by the 
local population [4]. Therefore, a reliable estimation of ground heaving and CO2 leakage (or fracture shear 
slip potential) is required. 
Characterizing and quantifying the potential for fracture reactivation in terms of shear slip have been 
the subject of a number of previous studies [5, 6, 7]. However, although the previous studies were used to 
investigate the potential for fracture reactivation, they did not consider the fracture statistical distribution 
and, therefore, did not provide a quantitative analysis for fracture shear-slip probability under specific 
stress conditions.  
The main focus of this paper is to develop and demonstrate an approach for probabilistic fracture-
reactivation analysis associated with underground CO2 injection and storage. Our approach involves 
coupled multiphase fluid flow and geomechanical simulations, first to calculate the stress evolution during 
a hypothetical CO2 injection operation, and then to evaluate the probability of shear slip considering the 
statistical fracture distribution and a Coulomb failure analysis. Consequently, the main contribution of this 
research is a quantitative analysis of fracture reactivation during CO2 injection using a statistical 
distribution of fracture orientation. 
 
2. Methodology 
2.1. Numerical code 
We conducted the numerical analysis using the coupled code of TOUGH2 and FLAC3D. For a 
specific problem, the two codes are linked through a central THM model for passing parameters between 
the two codes. The simulation progresses in time along with the multiphase fluid flow simulation in 
TOUGH2, with FLAC3D invoked intermittently, when desired, for a quasi-static mechanical calculation. 
A detailed description of the simulator and its recent applications can be found in Rutqvist (2011) [8]. 
 
2.2. Numerical model of geological CO2 storage system 
Fig. 1 shows a schematic view of our model [9]. We simulated the injection of CO2 into a 300 m thick 
injection zone (storage reservoir) located between 1200 and 1500 m depth. The overburden consists of a 
1000 m thick upper layer and a 200 m thick caprock located just above the injection zone. The exact 
location of the CO2 injection point is 1460 m in depth. Although the model was set up in three dimensions, 
the analysis was conducted effectively in two dimensions, with no-flow and no-displacement boundary 
conditions imposed in the direction normal to the model. Over a ten-year period, CO2 was injected at a 
constant flow rate of 0.05 kg/s per meter normal to the model plane [10]. This flow rate is equivalent to 
1.6 Mt/year if the injection were conducted along a 1000 m thick section of the reservoir normal to the 
model plane, which would, for example, represent the injection rate for a 1 km long horizontal well. We 
can also relate this to real injection rates at the In Salah CO2 storage project, where injection rates have 
been 0.5 to 1.0 million tons per year distributed over 3 horizontal injection wells, each of which is 1 to 1.5 
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km long [2]. To minimize boundary effects, we locate the lateral boundaries sufficiently far from the CO2 
injection point. 
 
Fig. 1. Schematic view of the analysis model [9] 
 
Material properties and are presented in Table 1 [10]. The reservoir is assumed to behave elastically. 
 
Table 1. Properties of the reservoir [10] 
Property Upper Caprock Aquifer Basement 
Elastic modulus (GPa) 5 5 5 5 
-) 0.25 0.25 0.25 0.25 
Saturated rock density (kg/m3) 2260 2260 2260 2260 
Zero stress porosity (-) 0.1 0.01 0.1 0.01 
Residual porosity (-) 0.09 0.009 0.09 0.009 
Zero stress permeability (m2) 1×10-15 1×10-17 1×10-13 1×10-17 
Biot coefficient (-) 1 1 1 1 
 
2.3. Probabilistic fracture reactivation analysis 
For the fracture reactivation analysis, we generated two types of fracture-orientation data sets: one for 
random fracture orientation and another for actual fracture orientation based on field data. As a first type 
of data set, random orientations were generated based on a probability distribution function (PDF) with a 
uniform distribution of orientation. A second type of data set was chosen using published actual fracture 
statistics related to the In Salah project [11]. Ten thousand fractures were generated for both the cases of 
random fracture orientations and the actual fracture orientations. Fig. 2 shows the distribution of the 
generated orientations in an equal area net [9].  
 
 
 (a)                               (b) 
Fig. 2. Distribution of 10,000 generated orientations in an equal area net, (a) random distribution of general data; (b) data from In 
Salah [9] 
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To investigate the shear slip potential at a specific point, we selected four points within the reservoir 
and the caprock, as shown in Fig. 3 [9]. Point A is the CO2 injection point, Point B is located horizontally 
1000 m away from the CO2 injection point, Point C is located 50 m above the lower boundary of the 
caprock, and Point D is located 50 m below the upper boundary of the caprock. Three kinds of stress 
regimes were considered: (1) normal faulting, (2) reverse faulting, and (3) strike-slip faulting. At depths 
below 1000 m, the ratio of horizontal stress to vertical stress (k) has been observed to range between 0.5 
and 2.0. In this study, vertical stress was fixed as gravitational stress, and horizontal stresses were chosen 
to be 0.5, 0.75, 1.5, or 2.0 times the vertical stress, depending on the stress regimes. Thus, vertical stress 
is the maximum, minimum, and intermediate principal stress in normal faulting, reverse faulting, and 
strike slip faulting regimes, respectively. The friction coefficient used for this study was 0.6, which is the 
lower bound of typical values. 
 
 
Fig. 3. Points selected for measurement [9] 
 
3. Results 
3.1. Ground heaving induced by CO2 injection 
Fig. 4 shows the vertical displacement profile after 30 days, one year, three years, six years, and 10 
years [9]. The changes in effective stress induced by the increase in pore pressure result in the poroelastic 
expansion of the reservoir and the uplifting of the ground surface [10]. The maximum vertical 
displacement after 10 years is approximately 0.88 m in other words, 88 mm/year; this large value results 
from the reservoir thickness of 300 m and a relatively low elastic modulus of 5 MPa.  
 
 
Fig. 4. Vertical displacement of the surface after CO2 injection [9] 
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3.2. Probability of fracture reactivation 
To quantitatively investigate the probability of fracture reactivation, we calculated the probability 
using virtually generated fracture orientations and the effective stress evolution. Fig. 5 shows the 
evolution of fracture shear slip probability for the three different stress regimes at Point A and Point B 
during CO2 injection [9]. In all cases, the probability increases with the injection of CO2. When the 
fractures are distributed randomly, the maximum probability of fracture shear slip after 10 years of CO2 
injection at Point A is about 40% for a normal faulting stress regime, 40% for a reverse faulting stress 
regime, and 70% for a strike-slip stress regime. In the case of fracture statistics derived from In Salah, the 
probability of the fracture shear slip is almost 100% for the normal faulting stress regime, while fracture 
shear slip did not occur in the reverse faulting stress regime case. Moreover, under the assumed stress 
magnitudes, all fractures were calculated to slip for the strike-slip faulting stress regime both before and 






                              (a) 
  
                              (b) (c) 
Fig. 5. Evolution of the probability of fracture shear slip at point A and B, (a) normal faulting stress regime; (b) reverse faulting 
stress regime; (c) strike-slip faulting stress regime [9] 
To explain the shear slip mechanism more effectively, we used a stereonet to plot the actual orientation 
data, together with the possible range of orientations that can be allowed for shear slip at Points A (Fig. 6) 
[9]. The red area is the distribution of fractures over which shear slip can occur; the black points are the 
actual orientation data from the In Salah fracture data set. Our analysis of the stereonet shown in Fig. 6 
indicates why such large differences in shear-slip potential occur depending on the stress regime, 
especially with the actual orientations in the In Salah fracture data set. As shown in Fig. 6, no overlapping 
area occurs between the shear-slip area and actual fracture orientation for the reverse faulting stress 
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regime. In the case of the In Salah fracture data set, the majority of the fractures were not vulnerable to 
shear slip even under more substantial pore pressure, because of the presence of near-vertical fractures. 
However, most fractures were located in the shear slip area for the strike-slip faulting stress regime, 
resulting in a high probability of fracture shear slip. The reverse faulting stress regime had the least 
probability of a fracture shear slip, mainly due to the highest minimum principal stress being vertical. The 
minimum principal stress of the reverse faulting stress regime is greater than that of other stress regimes; 
consequently, the Mohr circle does not meet the failure criterion.  
 
Initial 
   
After 3 
years 
   
After 10 
years 
   
 (a) (b) (c) 
Fig. 6. Shear slip area at point A, (a) normal faulting stress regime; (b) reverse faulting stress regime; (c) strike-slip faulting stress 
regime [9] 
Based on this observation, the reverse faulting stress regime seems to provide the most suitable 
conditions for CO2 geosequestration among the three kinds of stress regimes considered in this study. 
However, this result must be interpreted with caution. If a site has fracture sets that are vulnerable to 
shear slip for the reverse faulting stress regime, the probability of shear slip may become the greatest for a 
reserve faulting stress regime. In other words, the probability of fracture shear slip is site specific, and it is 
a function of both the local stress field and orientations of the fractures. In addition, the magnitudes of 
shear stress, as dictated by the stress ratio in each stress regime in this study, were upper-bound values; it 
is a conservative choice with respect to the potential for fracture shear slip. If the ratio of stress, i.e., the 
ratio of vertical to horizontal stress or ratio of the minimum to maximum horizontal stresses, approaches 
unity, the probability of shear slip dramatically decreases regardless of the stress regime, and the 
distinction of different stress regimes may not be meaningful. Therefore, a site-specific study must be 
conducted to investigate the actual probability of shear slip induced by CO2 injection. 
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4. Conclusions 
The conclusions of this study are summarized as follows: 
 After 10 years of injection, the vertical ground-surface displacement induced about 0.87 m near the 
injection point.  
 Because the reverse faulting stress regime had a greater minimum principal stress than other stress 
regimes, there was less chance for shear failure in this stress regime. In fact, among the three types of 
stress regimes considered in this study, the reverse faulting stress regime was generally the most 
suitable for CO2 geosequestration, leading to the least probability of fracture reactivation. 
 The shear slip of a fracture is a function of the effective stress and the orientation of fractures. 
Therefore, a site-specific study must be conducted to investigate the probability of shear slip induced 
by CO2 injection. 
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